Form Approved
REPORT DOCUMENTATION PAGE OMB e, o0t 0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188),
1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any
penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY] |2. REPORT TYPE 3. DATES COVERED (From - To)
11/10/2011 Final CumulativeReport 12/11/2009 08/31/2011

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

HumanNeuralCell-Basediosensor N00014-10-C-0066ylod. PO0001

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHORI(S) 5d. PROJECT NUMBER
Stice,Stevenl.
Chilton, Jamie

5e. TASK NUMBER

Powe,Allan
5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
. . REPORT NUMBER
ArunA Biomedical,Inc. )

Athens,GA 30602

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Director,NavalResearch.ab DoD/ONR

Attn: Code5596

45550verlookAvenue,SW 11. SPONSOR/MONITOR'S REPORT
WashingtonD.C. 20375-5320 NUMBER(S)

ONR5252.235-9714

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approvedfor public releasedistributionis unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Humanneuralprogenitorshavea strongpotentialfor useascell-basediosensorgor environmentatoxins.Here,we reportthe
following accomplishments developinga neuralcell-basediosensor(1) We developedPSCequivalentdor the ESC-derived
hNP1™neuralprogenitorandhN2™ mixedneuronakell lines,giving usthe capabilityto createdisease-specifioeuralcellsfrom
patientfibroblasts.(2) We continueto optimizeour novelapproacHor hNP1™differentiationinto dopaminergiceurongo
increasgyield beyond50%, allowing usto createa morephysiologicallyrelevant HTS-readyin vitro modelfor Parkinson’slisease
research(3) We havebegunpilot studiegto differentiatehNP1™progenitorgnto motorneuronsandastrocytesthesecell types
havepotentialfor beingphysiologicallyrelevantin vitro modelsfor botulinumtoxin detectionandneuron-gliainteractions,
respectively(4) We developedHTS-andHCIl-amenablassaydor cell migration,cellular ATP, andneuriteoutgrowth.These
assay$avethe potentialassingleor multiplexedassaygo identify compoundswith effectson neurogenesigoroliferationand

Aiffavrantintinn\andta dalinantcnmanhanicm af antinbnr ninlznannmnanivatavicaantalEN\Ala Anvinlanachnimmmiinahlathacadmathad

15. SUBJECT TERMS
neurotoxicity,biosensorpeuralcell

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |18. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT |b. ABSTRACT | c. THIS PAGE ABSTRACT SI_F\GES SteverlL. Stice
e e g 19b. TELEPHONE NUMBER (/nclude area code)
Unclassified| Unclassified| Unclassified uu
9 706-583-0071

Standard Form 298 (Rev. 8/98)
Reset | prescribed by ANSI Std. 239.18



425 River Road
Athens, GA 30605

Final Technical Report
“Human Neural Cell-Based Biosensor”

Date: November 10, 2011
Reporting Period: December 11, 2009 —August 31, 2011

Prepared for:

Office of Naval Research (ONR)
Director, Naval Research Lab
Attn: Code 5596

4555 Overlook Avenue, SW
Washington, D.C. 20375-5320

Contract Number: N00014-10-C-0066, Amendment/Modification PO0001

Submitted by:

Dr. Steven L. Stice, Principle Investigator
ArunA Biomedical, Inc.

425 River Road

Athens, GA 30602

Phone: 706-583-0071

Fax: 706-262-2821

Email: sstice@arunabiomedical.com

Distribution Statement A:
Approved for public release; distribution is unlimited.

UNCLASSIFIED



Distribution of Final Report

NUMBER OF COPIES

ADDRESSEE

DODAAC
CODE

REPORT
ENCLOSED

UNCLASSIFIED/
UNLIMITED

UNCLASSIFIED/
LIMITED AND
CLASSIFIED

Program Officer: Dr. Laura
Kienker

ONR Code: 342

E-Mail:
laura.kienker@navy.mil

N00014

Full technical
report

1

Administrative Contracting
Officer:

Office of Naval Research
ONR 0254: Russelle Dunson
875 North Randolph St.
Arlington, VA 22203-1995
E-mail:
russelle.dunson@navy.mil

S1103A

SF 298 only

Director, Naval Research Lab
Attn: Code 5596

4555 Overlook Avenue, SW
Washington, D.C. 20375-
5320

E-mail:
reports@library.nrl.navy.mil

N00173

Full technical
report

Defense Technical
Information Center

8725 John J. Kingman Road
STE 0944

Ft. Belvoir, VA 22060-6218
E-mail: tr@dtic.mil

HJ4701

Full technical
report




Abstract

Human neural progenitors have a strong potential for use as cell-based biosensors for environmental toxins.
Here, we report the following accomplishments in developing a neural cell-based biosensor. (1) We developed
iPSC equivalents for the ESC-derived hNP1™ neural progenitor and hN2™ mixed neuronal cell lines, giving us the
capability to create disease-specific neural cells from patient fibroblasts. (2) We continue to optimize our novel
approach for hNP1™ differentiation into dopaminergic neurons to increase yield beyond 50%, allowing us to
create a more physiologically relevant, HTS-ready in vitro model for Parkinson’s disease research. (3) We have
begun pilot studies to differentiate hNP1™ progenitors into motor neurons and astrocytes; these cell types have
potential for being physiologically relevant in vitro models for botulinum toxin detection and neuron-glia
interactions, respectively. (4) We developed HTS- and HCI-amenable assays for cell migration, cellular ATP, and
neurite outgrowth. These assays have the potential as single or multiplexed assays to identify compounds with
effects on neurogenesis (proliferation and differentiation) and to delineate mechanism-of-action for unknown
neurotoxicants. (5) We developed an immunoblot based method for detecting botulinum toxin using the mixed
neuronal hN2™ cell line, thus creating a first generation human cellular model for botulinum toxin detection —
standard of comparison for existing and future models.

Scientific and Technical Objectives

The goal of this project is to develop functional neuronal networks comprised of human neurons derived from
human neural progenitor (nNP1™) cells for use in a cell-based biosensor platform. hNP1 ™ -derived neurons
represent a source of renewable networks that overcome logistical issues with fielding cell-based sensors, while
representing the best cell type for judging human neural toxicity. The overall objectives for this project are (1) to
develop methods for accelerating neuronal differentiation and improving neural network formation and (2) to
develop high throughput screening (HTS) and high content imaging (HCl) assays and microelectrode arrays as
sensor elements to detect cellular responses to test compounds. These objectives have been modified from
those in the original proposal.

Approach

We are currently taking a two-pronged approach to the development of a human neural cell based biosensor.
The first part of the approach is to promote differentiation of neural progenitors into mature, active neurons. To
achieve this objective, we are developing (1) methods for neural progenitor differentiation into functional
dopaminergic and motor neurons as well as astrocytes, a glial cell type that promotes neuronal survival and
formation of active neural networks, and (2) methods to generate induced pluripotent stem cell derived neural
progenitors to allow the creation of disease specific neural cells for the biosensor. The second part of this
approach is to evaluate the response of active hNP1 ™ -derived neuronal networks to common environmental
toxins using fluorescence based assays and microelectrode arrays (MEAs) as sensor elements. In addition to
using microelectrode arrays to measure neural network activity, we are developing fluorescence based assays to
monitor the effects of known and unknown toxicants on important neurodevelopmental processes, such as
neurite outgrowth, proliferation, mitochondrial function, and apoptosis in vitro. Here we have added
development of fluorescence based assays as sensor elements as a new objective due to technical difficulties
with growing active neurons on MEAs.
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Accomplishments

Outline
(1) Neural progenitor isolation from induced pluripotent stem cells
(2) Directed differentiation of neural progenitors into neuronal and glial cell types
(3) Development of cell-based assays as sensor elements

(1) Neural progenitor isolation from induced pluripotent stem cells

Our previous studies identified novel markers that could be used to identify neural progenitors within a
population of induced pluripotent stem cells (iPSCs). We also developed methods to generate iPSCs using the
IMR-90 human lung fibroblast cell line reprogrammed with 6 pluripotency factors (Oct4, Sox2, Nanog, Lin28,
KIf4, c-Myc) in lentiviral vectors. Using these methods together, we have generated a new iPSC-derived neural
progenitor line. Like the hNP1™ cells, these iPSC-derived neural progenitors were derived, propagated, and
maintained as adherent monolayers using serum-, feeder-free, defined medium. They also possess a stable
karyotype for multiple (>10) passages with a doubling time of ~36 hours, are robust and scalable for HTS format
(96-, 384-well) assays, express proneural markers (positive for nestin, Musashil), and can be differentiated into
neurons (positive for beta-llI-tubulin and MAP2) (Figure 1). We are now amplifying this line into working stocks
for beta testing and potential commercial distribution.

Figure 1. iPSC-derived neural progenitors (left) and differentiated
neurons (right). Progenitors are stained for the proneural marker
nestin and neurons are stained for the neuronal marker Tujl. Both are
also stained for nuclei (DAPI).

(2) Directed differentiation of neural progenitors into neuronal and glial cell types

We are continuing development of methods for directed differentiation of neural progenitors into dopaminergic
neurons, motor neurons and astrocytic glia. The rationale for creating these particular cell types are the lack of
renewable, scalable and physiologically relevant in vitro models for Parkinson’s disease, motor neuron diseases
and botulinum toxin detection, and neuron-glia interactions, respectively.

Dopaminergic neurons: A high-yield method (~50%) to differentiate neural progenitors into dopaminergic
neurons was developed (Young, et al., 2010). We are currently adapting this approach for commercialization.
Accordingly, we are establishing new screening assays in addition to the standard markers tested for
dopaminergic differentiation and continue to optimize the differentiation protocol to increase yield beyond 70%
for HTS applications. Also, we are in the midst of beta testing a dopaminergic progenitor cell line developed for
potential commercial distribution.

Motor neurons: We are currently working establishing a robust differentiation protocol for motor neurons using
published approaches as a starting point. Experiments are ongoing.

Astrocytes: Substantial progress has been made with establishing a robust astrocyte differentiation procedure;
recent work continues to optimize conditions necessary for establishing an accelerated high-yield differentiation
protocol.

(3) Development of cell-based assays as sensor elements
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We are developing fluorescence based assays to examine mitochondrial health, reactive oxygen species
generation and cell migration in our neural progenitor and differentiated neural cells. These assays would serve
as sensor elements in cell-based biosensors. We continue to make rapid, substantial progress in developing
fluorescence based assays as sensor elements in cell-based biosensors.

Cellular ATP assay: We are in the midst of developing a cellular ATP assay for both hNP1™ and hN2™ cells. The
assay shows excellent signal-to-noise and a marked difference between the proliferative hNP1™ and post-
mitotic hN2™ cells, suggesting a strong potential as both a proliferation assay and an indicator of cellular
metabolism. We are currently exploring the ability of this assay to measure both parameters, thus increasing the
assay’s utility.

Alamar Blue assay: We have optimized conditions for using both hNP1™ and hN2™ cells with the Alamar Blue
assay, which measures mitochondrial reductase activity in both cell types. While the assay shows excellent
signal-to-noise, it shows only a small difference between the proliferative hNP1 and post-mitotic hN2 cells,
suggesting a limited potential as a proliferation assay. However, the Alamar Blue assay may still be a good
indicator of cellular metabolic activity — further testing is needed. We have also assembled a small set of known
neurotoxins to complete proof-of-concept studies for this assay.

Figure 2. Application of
hNP1™ neural progenitors
and hN2™ differentiated
neurons to cellular ATP (left)
and Alamar Blue (right)
assays. Cells were plated,
incubated for 48 hours, and
then tested in each assay.

ROS assay: To measure reactive oxygen species (ROS) generation in hNP1™ and hN2™ cells under conditions
that induce oxidative stress, we are developing an assay that uses hydrocyanines specifically detect mono- and
di-oxygen radicals. Preliminary studies at Georgia Tech showed low background and robust signal-to-noise in
vitro and in vivo. However, instability of dye during transport has presented as a major hurdle for assay
development, and the project is currently on hold. Additional optimization of the dye chemistry is needed to
overcome this problem.

Neurite outgrowth assay: We previously established a neurite outgrowth assay for detecting neurotoxicants
using the already differentiated, mixed neuronal hN2™ cell line. Now, we are expanding the utility of this assay
using the high content imaging platforms. We are currently testing the assay’s ability to measure not only
toxicant effects on neurite outgrowth in the differentiated hN2™ neuronal cells and but also growth factor
effects on neurite outgrowth on the differentiating hNP1™ neural progenitors. The expanded capability would
allow detection of both positive and negative modulators of neuronal differentiation.

Cell migration assay: We have developed an HTS-amenable cell migration assay using hNP1™ neural
progenitors, since migration of neural progenitors during CNS development can be affected by environmental
toxins.
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Our results show that cytochalasin D, an actin polymerization inhibitor, can block hNP1™ migration while certain
growth factors can have potent chemokinetic effects. These results demonstrate that the assay can identify
inhibitors and stimulators of migration. Moreover, under proliferative conditions, >70% of hNP1™ cells in
detection zone are positive for mitotic markers, indicating the assay’s potential for measuring proliferation using
high content imaging. We are currently exploring the expansion of the assay’s utility accordingly. We have
assembled a small set of

known neurotoxins to

complete proof-of-concept

studies for this assay. We are

in the process of marketing

our neural progenitors with

the migration assay as a

screening tool for drug

discovery as well as

toxicology investigators.

Figure 3. Modulation of hNP1™ neural progenitors by cytochalasin D (A) and recombinant growth factors (B).

Botulinum toxin assay: There has been substantial progress in the development of an hN2™ cell based sensor
for botulinum toxin (BoNT) detection. hN2™ cells are derived from hNP1™ progenitors using a proprietary
differentiation method. We demonstrated that hN2™ cells express SNAP-25, the target for BONT proteolytic
activity, and that treatment of hN2™ with BoNT-A caused SNAP-25 cleavage in a dose-dependent fashion. This
cleavage was blocked by co-treatment with T. vulgaris lectin, an inhibitor of BONT action, indicating the
specificity of the BoNT effect. The manuscript of these findings has been submitted for publication and is under
review.

ndeaved_ i Figure 4. Inmunoblot of SNAP-25 from
i e — i i, — . .
- -claaved hN2™ differentiated neurons treated
0 1 10 100 1 01 1 01 1BoNT(nM)

oM g S % & T with indicated concentrations of BONT
and T. vulgaris lectin. Uncleaved and
cleaved SNAP-25 are indicated by the
arrow and the arrowhead, respectively.

In summary, we have established several HTS- and HCI- amenable assays for cell migration, cellular metabolism,
and neurite outgrowth using hNP1™ neural progenitors and hN2™ differentiated neurons. These assays have the
potential as single or multiplexed assays to identify compounds with effects on neurogenesis (proliferation and
differentiation) and to delineate the mechanism-of-action for neuroactive compounds of interest. We have also
developed an immunoblot based method for detecting botulinum toxin using the mixed neuronal hN2™ cell line.
As a result, we have created a first generation human cellular model for botulinum toxin detection that will
serve as a standard of comparison for existing and future models.

CONCLUSIONS

Our work here strongly suggests that human neural progenitors have a strong potential for use as cell-based
biosensors for environmental toxins. Our ongoing efforts to develop methods to differentiate progenitors into
multiple neural subtypes will increase the versatility of the resulting biosensor by incorporating cell type
specificity. Moreover, our development of HTS- and HCl-amenable assays as ‘sensor elements’ will diversify the
utility of a human neural cell-based biosensor by examining multiple cellular processes and allowing for
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mechanistic interrogation of test compounds. The combination of diverse cell types with diverse sensor
elements forms a powerful and versatile platform for the detection and mechanistic analysis of novel
neurotoxicants.

SIGNIFICANCE

We believe the work described here will have significant impact beyond the scope of this project. We have
developed iPSC equivalents for the ESC-derived hNP1™ neural progenitor and hN2™ mixed neuronal cell lines,
giving us the capability to create disease-specific neural cells from patient fibroblasts. We have developed a
novel approach to direct hNP1™ differentiation into dopaminergic neurons using GDNF with ~50% yield; this will
allow the creation of a more physiologically relevant in vitro model for Parkinson’s disease research. We have
begun pilot studies to direct differentiation of ANP1™ progenitors into motor neurons and astrocytes and have
potential for being physiologically relevant in vitro models for botulinum toxin detection and neuron-glia
interactions. We have also developed HTS- and HCI- amenable assays for cell migration, cellular ATP, and neurite
outgrowth; these assays have the potential as single or multiplexed assays to identify compounds with effects
on neurogenesis (proliferation and differentiation) and to delineate compound mechanism-of-action. Finally, we
have developed an immunoblot based method for detecting botulinum toxin using the mixed neuronal hN2™
cell line and in so doing created a first generation human cellular model for botulinum toxin detection —
standard of comparison for existing and future models

PUBLICATIONS

o Dhara S.K., Gerwe B.A., Majumder A., Dodla M.C., Boyd N.L., Machacek D.W., Hasneen K., Stice S.L.
2009. Genetic manipulation of neural progenitors derived from human embryonic stem cells. Tissue Engineering,
Part A, 15: (11): 3621-34

o Mumaw, J. L., Machacek, D., Shields, J. P., Dodla, M. C., Dhara S. K., Stice, S.L. 2009. Neural
differentiation of human embryonic stem cells at the ultrastructural level. Microscopy and Microanalysis 16, 80-
90.

o Harrill J.A., Freudenrich T. M., Machacek D.W., Stice S.L., Mundy W.R. 2010. Quantitative assessment of
neurite outgrowth in human embryonic stem cell derived hN2cells using automated high-content image
analysis. Neurotoxicology, 31 (3):277-90.

o McNeish, J., Roach M., Hambor J., Mather R.J., Weibley L., Lazzaro J., Gazard J., Schwarz J., Volkmann R.,
Machacek D., Stice S., Zawadzke L., O’'Donnell C., Hurst R.. 2010. High-throughput Screening in Embryonic Stem
Cell-derived Neurons Identifies Potentiators of Amino-3-hydroxyl-5- methyl-4-soxazolepropionate-type
Glutamate Receptors. J. Biol. Chem. 285 (22):17209-17.

. Young A., Assey K.S., Sturkie C.D., West F.D., Machacek D.W. Stice S.L. 2010. Glial cell line-derived
neurotrophic factor enhances in vitro differentiation of mid-/hindbrain neural progenitor cells to dopaminergic-
like neurons. J Neuroscience Res. 88(15):3222-32.

. Dodla M.C., Mumaw J., Stice S.L. 2010. Role of astrocytes, soluble factors, adhesion molecules and
neurotrophins in functional synapse formation: implications for human embryonic stem cell derived neurons.
Curr Stem Cell Res Ther. Sep;5(3):251

o Young, A., Machacek D.W., Dhara S., MacLeish P. R., Benveniste M., Dodla M.C., Sturkie C.D., Stice S.L.,
2011. Channels and lonotrophic Receptors in a Human Embryonic Stem Cell Derived Neural Progenitors.
Neuroscience (in press).

. Abstracts at conferences for International Society for Stem Cell Research, Society of Toxicology, Society
for Neuroscience (20 total)

ArunA Biomedical, Inc. Page 6 of 7



Patent information (cumulative for contract period)
N/A

Technologies transferred (cumulative for contract period)
N/A

Awards / Honors received during contract period
One of the Most Influential Georgians (Georgia Trends Magazine, 2010)

ArunA Biomedical, Inc. Page 7 of 7





